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H solid-state NMR spectroscopy is a powerful analytical tool for characterising non-covalent interactions [1] [2] [3] [4] , including hydrogen bonding [5] and interactions [6] , which direct the arrangement of small and moderately sized organic molecules in the solid state [7] . Specifically, the 1 H -1 H double-quantum (DQ)/single-quantum (SQ) magic angle spinning (MAS) experiment, first reported in 1994 [8] , employs, e.g., the BAck -to -BAck (BABA) [9] [10] [11] scheme to recouple the homonuclear 1 H - 1 H dipolar interaction and, as MAS technologies have advanced, has found increasing applications in the field [2, 4] . Moreover, the [12, 13] , is a powerful probe of nitrogen -proton interactions [14] [15] [16] , and notably hydrogen bonding in, for example, guanosine self-assembly [17, 18] and pharmaceuticals [19] [20] [21] . These and other two- correlation experiments, are finding increasing application [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] .
In such two-dimensional 1 H MAS spectra, strong NMR signals due to alkyl protons can lead to excessive t 1 noise, presenting as long trails emanating from that resonance in the solid-state spectra, thus considerably detracting from the appearance and viewability of such spectra as observed, for instance, for nucleic acid derivatives [17] . This phenomenon is caused by relaxation processes induced by the conformational flexibility of those functional groups. Such t 1 noise is frequently observed in solution-state NMR, often as a result of residual proton signal from deuterated solvents, where it is known that the t 1 noise (also referred to as multiplicative noise) is proportional to the signal strength [42] . Processing algorithms for the removal of this noise have been presented, such as Reference Deconvolution [43] , the Cadzow procedure [44] or Correlated Trace Denoising [45] .
Experimentally, long, weak rf pulses, or selective pulse schemes such as DANTE [46, 47] can be applied to saturate offending signals [48] , often in combination with pulsed field gradients (PFG), e.g. WATERGATE [49] (WATER suppression by GrAdient-Tailored Excitation). In solid-state NMR, related methods have been presented for the suppression of the water peak in 1 H MAS NMR of biological solids [50] [51] [52] [53] .
Consider the challenge of suppressing t 1 noise due to alkyl side chain resonances, i.e., the case where the nuclear spins that are to be saturated are within the same spin system as those that are of interest. 
Experimental details

Sample preparation
The DNA base analogue 5-iodo-2'-deoxy-3',5'-di(triisopropylsilyl) cytidine 1 was prepared according to published methods [55] . Table 2 of Ref. [67] . To convert to the chemical shift scale frequently used in protein NMR, where the alternative IUPAC reference (see Appendix 1 of Ref. [68] ) is liquid ammonia at 50 °C, it is necessary to add 379.5 to the given values [69] . In all two-dimensional experiments, the States-TPPI method [70] was used to achieve sign discrimination in F 1 .
The pulse sequences and coherence transfer pathway diagrams for the experiments incorporating selective saturation pulses are presented in Fig. 1 was applied to the selective saturation pulse (there is no change in receiver phase given that the selective pulse is a saturation pulse and not an excitation pulse). A 16-step phase cycle was used to select p = 4-stepson the BABA-xy16 excitation block and p = 1 (4 steps) . 3 Hz, but allowing the duration of the saturation pulse to increase. Moreover, the top and bottom plots in Fig. 6 compare the case of a saturation pulse with fixed phase and XYXY phase modulation [82] , respectively. Analogous trends are seen as in Fig. 5 , namely, considering the resonances below 9 ppm (but not the intense alkyl resonance), there is a progressive decrease in intensity upon increasing the saturation pulse duration, while the two highest ppm resonances show only small decreases in intensity. Qualitatively, the same trends are observed between the cases of fixed phase and XYXY phase modulation, though the optimum total pulse duration is different. Intensities are expressed as percentages of the highest peak (the methyl auto-peak) in that spectrum. Integration is performed over the following ranges: NHb I : 12.0  11.0 ppm, NHb II : 11.0 -10.0 ppm, H6: 8.7 -7.6 ppm, H1ꞌ: 6.9 -6.1 ppm. Note that bold numbers indicate the integrated intensity of diagonal peaks. 5.
will be described elsewhere). To quantify the improvement, for the row at a DQ frequency of 22.0 ppm, the integrated intensity of the NHb II peak at 10.7 ppm as a percentage of integrated t 1 noise (in magnitude mode) at the methyl resonance changes from 14% (without a selective pulse, Fig. 8b ) to 38% (with a selective pulse, Fig. 8c ). The benefits of high magnetic field (700 MHz) and a fast MAS frequency (70 kHz) can clearly be seen, now that the t 1 noise has been largely suppressed in the indirect dimension. recoupling [9] [10] [11] ) at the n = 2 condition ( 1 = 2 R ) was employed, Nishiyama and co-workers showed [15] that the same extension of coherence lifetimes was also achieved by using, as employed in this paper, the SR4 recoupling sequence [71] . We note that, as shown in Fig. 3 , it is likewise only at spinning frequencies above 40 kHz that the use of a selective saturation pulse becomes feasible.
Summary
It has been demonstrated that a single, long, low amplitude selective saturation pulse can be applied to good effect for removing t 1 noise from the indirect dimension of two-dimensional solid-state NMR experiments under fast MAS frequencies (60+ kHz). However, there are several considerations which must be taken into account before employing such methods. The first of these must be the extent of H sites becomes apparent the choice of whether to proceed is sample specific. It is therefore important to have some idea of the molecular structure in order to identify valuable resonances. If, as was the case for 1, these 'resonances of interest' are largely unaffected by spin diffusion over the timescale of the pulse, then this method can improve the presentation and readability of a spectrum and can, for instance, aid the assignment of DQ peaks corresponding to specific proton proximities (as was the case in Fig. 8 ).
The second (and equally important) consideration is the availability of fast MAS probes and, to a lesser extent, access to high magnetic fields. Not only does this result in the expected enhancement in both resolution and sensitivity but, as has been demonstrated here, the effect of fast MAS frequencies on the spin dynamics of the system leads to a suppression of magnetisation transfer between different proton environments, hence reducing the loss in signal intensity for all non-intentionally suppressed proton environments. These factors combined generate impressive results in two-dimensional solidstate NMR experiments, as was demonstrated in Fig. 8 and 9 , where it was possible to highlight several important contacts and correlations and hence assign the solid state packing arrangement for a DNA base analogue.
In conclusion, we have demonstrated the efficacy of a simple selective saturation pulse at reducing t 1 noise when centred at the offending resonance, which in the case of 1 corresponds to an abundance of methyl moieties contained within the triisopropylsilyl protecting group. This method leads to a much needed reduction in the intensity of such resonances and results in an impressive improvement in two- H HMQC spectra. In principle, the approach could be extended to incorporate the application of a doubly-selective pulse, as achieved using a cosinemodulated Gaussian pulse [85] [86] [87] [88] . Crucially, this technique requires no specialised apparatus beyond a standard fast spinning probe and therefore represents a simple and accessible tool for the removal of unwanted noise from the indirect dimension of important two-dimensional solid-state NMR spectra.
The simplicity of this method should lend itself to the 'everyday' NMR spectroscopist who has an interest in the solid state chemistry of a given material. As fast MAS frequencies become more commonly attainable, the applicability of this technique should increase.
